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Summary  Based  on  energy  theory,  energy  release  rate  (EER)  and  local  energy  release  rate
(LEER), a  new  index  called  FERR  (Fractional  Energy  Release  Rate)  is  proposed,  and  this  method
can not  only  evaluate  the  risk  of  rock  burst,  but  also  can  point  out  the  location  of  high  risk  and
the scale  of  rockburst.  The  FERR  index  is  applied  to  the  TBM  assembling  tunnel  in  Jinping  Hydro
Power Station  II  to  evaluate  the  scale  and  intensity  of  rockburst,  as  well  as  the  location  where
rockburst occurs.  With  FDM  method  adopted,  the  energy  release  rate  of  3  excavation  plans  areHigh  in  situ  stress;
Rockburst
calculated  and  the  scale  and  risk  of  rockburst  is  evaluated,  and  the  location  of  high  risk  of
rockburst  is  also  mapped.  With  FERR  used  in  the  evaluation,  the  rockburst  is  nicely  controlled
which ensured  the  safety  and  construction  schedule  of  the  project.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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hen  tunneling  in  high  in  situ  stress  areas,  the  energy
mbodied  in  the  hard  rock  will  be  transferred  inward  the
unnel  and  released  at  the  tunnel  boundary,  which  makes
he  surrounding  rock  at  high  risk  of  failure  and  leads  to
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ock  fall,  rockburst  and  even  large  collapse.  In  the  excava-
ion  process,  the  energy  release  rage  (ERR) is  an  important
ndex  to  evaluate  the  stability  of  rock  which  has  been
eriﬁed  by  many  researchers.  Cook  et  al.  (1966)  put  for-
ard  the  ERR  for  the  ﬁrst  time  when  studying  the  rock
tability  problem  in  gold  mine  in  South  Africa,  and  EER
ppeared  as  the  average  energy  release  rate.  From  then  on,
he  EER  index  has  been  applied  in  lots  of  studies,  such  as
techer  and  Fourney  (1981), who  employed  the  ERR  index
o  study  the  propagation  of  a  crack  that  is  initiated  and
riven  by  an  explosive  and  similar  researches  have  also
e  conducted  by  Martel  and  Pollard  (1989), Bazant  and
azemi  (1990),  Wang  and  Shrive  (1994)  and  Zhou  et  al.
2010).
 open access article under the CC BY-NC-ND license
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Practical use of the FERR
Jinping  Hydropower  Station  II  project  as  the  Case  study  inA  new  method  for  calculating  energy  release  rate  in  tunnel  
Besides  application  to  the  mechanic  research  of  rock
specimen,  the  ERR  have  also  been  applied  in  evaluating
the  rock  stability  problems  in  mine  and  trafﬁc  tunnel.  Xie
and  Feng  (2001)  studied  the  rockburst  problem  of  a  copper
ore  deposit,  and  optimized  the  support  system  based  on  the
ERR  index.  Yan  et  al.  (2001)  used  ERR  index  combined  with
response  surface  method  in  the  rock  stability  evaluation  in
a  nickel  mine.
The  ERR  index  is  important  to  evaluate  rockburst  in
deeply  buried  underground  openings,  Bagaraja  et  al.  (2013)
and  Lu  (2014).  In  addition,  some  researcher  have  developed
new  indexes  based  on  ERR, such  as  Su  et  al.  (2006)  and  Chen
et  al.  (2008)  who  have  developed  local  energy  release  rate
(LERR)  to  evaluate  the  rockburst  problems  in  zone  with  high
in  situ  stress  in  hard  rock  and  applied  the  LERR  in  some  hydro
power  stations.
ERR  and  its  derivatives  are  helpful  in  the  estimation  of
rockburst  in  some  situations,  which  have  been  veriﬁed  by
many  studies.  However,  the  location,  intensity  and  scale
of  rockburst  is  not  clear  when  the  ERR  and  its  derivatives
are  applied.  In  the  present  research,  a  new  index  called
fractional  energy  release  rate  (FERR) is  put  forward,  which
overcomes  the  disadvantages  of  ERR  and  its  derivatives.  And
the  proposed  FERR  is  applied  in  the  determination  of  the
risk,  scale  and  intensity  of  rockburst  in  a  TBM  assembling
tunnel  in  Jinping  Hydro  Power  Station  II.
Local energy release rate
Cook  for  the  ﬁrst  time  put  forward  the  concept  of  energy
release  rate  (ERR) in  his  rock  burst  research  in  South  African
gold  mining.  ERR  means  the  energy  per  unit  volume  releases
from  the  surrounding  rock  while  certain  volume  rock  is  exca-
vated  in  the  tunnel  excavation  step.  ERR  is  expressed  by
ERRi = Wi
Vi
(1)
where  ERRi is  the  energy  release  rate  in  excavation  step  i,
and  Wi is  energy  released  from  surrounding  rock  in  excava-
tion  step  i,  and  Vi is  the  rock  total  volume  of  excavation  step
i.
ERR  is  in  fact  average  energy  release  rate  of  tunnel  exca-
vation  step.  However,  the  excavation  of  tunnel  is  a  gradual
process,  the  average  EER  is  not  suitable  to  evaluate  the  local
energy  released  in  each  excavation  step.  Besides,  rock  is
considered  as  elastic  which  is  not  suitable  for  damage  anal-
ysis  and  stress  redistribution  induced  by  rock  plastic  failure.
To  obtain  the  relationship  between  the  energy  release
and  the  stability  of  local  surrounding  rock,  the  LEER  is  put
forward.  LEER  is  an  index  to  describe  the  energy  released
from  a  certain  element  in  each  excavation  step  and  given
by:
LERRji =  Ui−1ej −  Uiej (2)
where  LERRji is  the  EER  of  element  j  from  excavation  step
i  −  1  to  i;  Ui−1ej and  Uiej are  the  elastic  strain  energy  stored  in
element  j  in  step  i  −  1  and  step  i,  respectively.  The  elastic
strain  energy  is  deﬁned  as:
Ue = 12E [
2
1 +  22 +  23 −  2(12 +  23 +  31)]  (3)
S
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here  E  is  the  elastic  modulus  of  rock;  1,  2 and  3 are  the
rinciple  stresses.
The  LEER  index  can  be  used  in  the  energy  trace  of  a  single
lement  in  the  excavation  process,  in  this  way,  the  stress
ath  of  rock  can  be  determined  to  locate  the  rock  which  is
ccumulating  stress  or  releasing  it.  The  relationship  of  LEER
nd  EER  can  be  expressed  as:
RRi =
∑n
j=1LERRj ·  Vj
Vi
(4)
here  Vj is  the  rock  volume  of  element  j;  Vi total  rock
olume  of  excavation  step  i,  and  n  is  total  element  number.
The  local  energy  change  of  a  single  element  can  be  traced
y  LEER  index.  However,  LEER  index  is  based  on  elastic
ssumption,  and  failure  of  rock  cannot  be  considered.  To
vercome  this  shortage,  a  new  index  FEER  (fractional  energy
elease  rate)  is  proposed,  in  which  the  rock  failure  can  be
onsidered.
The  local  energy  release  rate  in  the  excavation  process
alls  into  the  total  interval
 <  LERRi ≤  Lmax (5)
here  Lmax is  the  maximum  of  LEER.  The  total  interval  can
e  divided  into  a series  of  small  intervals  as  below,  and  each
mall  interval  represents  a  level  of  rockburst.
 <  LERR  <  l1,  l1 <  LERR  <  l2, ·  ·  ·, li−1 <  LERR  <  li,  · ·  ·,
ln−1 <  LERR  <  ln =  Lmax (6)
here  li is  the  characteristic  value  of  interval,  i  =  1,  2,  ...,
.
The  total  energy  and  volume  of  failed  rock  can  be  cal-
ulated  in  the  numerical  model,  and  the  equation  are  given
y
i =
m∑
j=1
LERRj ·  Vj, Vi =
m∑
j=1
Vj (7)
here  Ei is  the  total  release  energy  of  failed  rock  in  interval
;  LERRj is  the  local  energy  release  rate  of  broken  element  j;
j is  the  volume  of  broken  element  j;  Vi is  the  total  volume
f  broken  elements  in  statistic  interval  i,  and  m  is  the  total
roken  elements  of  statistic  interval  i.
Then  FERR  is  the  total  release  energy  of  failed  rock
ivided  by  total  volume  of  certain  interval,  and  it  is  deﬁned
s
ERRi = Ei
Vi
,  FVi =  Vi (8)
here  FERRi is  the  FERR  of  interval  i,  and  FVi is  total  volume
f  failed  rock  in  interval  i.outhwest  China
The  total  capacity  of  this  power  station  is  4800  MW  with
 hydroelectric  generation  units.  Four  water  diversion  tun-
els  about  16.67  ×  4  km  long,  are  excavated,  two  by  drill
294  X.  Qinghua  et  al.
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Table  1  Rock  properties  and  in  situ  stress.
Rock  property  In  situ  stress
Young’s  modules  15  GPa  —
Poisson’s  ratio  0.25  —
Internal  friction  angle  40◦ —
Cohesion  2  MPa  —
Tensile  strength  1.2  MPa  —
x —  −21.04  MPa
z —  −42.31  MPa
y —  −21.97  MPa
xz —  −6.69  MPa
xy —  −3.08  MPa
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total  energy  released  in  the  excavation  is  independent  to
the  excavating  method.
Table  2  Excavating  procedures  of  the  3  cases.
Excavating  procedures  of  the  3  cases
Case  1
Case  2
Case  3igure  1  TBM  assembling  tunnel  and  support  system.
nd  blasting  method,  and  the  other  two  by  Tunnel  Boring
achine  (TBM).  The  tunnel  is  about  1500—2525  m  under  the
inping  Mountain,  and  the  maximum  principle  stress  is  up
o  42.11  MPa  by  the  ﬁeld  tests  in  pilot  tunnels.  The  TBM
ssembling  tunnel  must  be  constructed  ﬁrstly  which  is  27  m
n  height,  21  m  in  width  and  248  m  in  length.  As  the  assem-
ling  tunnel  are  excavated  in  high  in  situ  stress  areas  with
ard  rock,  which  will  led  to  serious  rockburst  problem,  to
valuate  the  scale  and  intensity  of  rockburst  is  crucial  for
he  construction  of  the  assembling  tunnel.
umerical model
 numerical  model  with  FERR  method  employed  is  estab-
ished  to  evaluate  the  rockburst  risk  in  the  excavation
rocess  of  the  TBM  assembling  tunnel.  As  shown  in  Fig.  1,  the
odel  is  both  160  m  in  height  and  width,  and  60  m  in  length.
he  tunnel  is  excavated  with  a  footage  of  3  m,  and  no  sup-
ort  is  installed  in  the  numerical  model.  Rock  properties  and
n  situ  stress  is  presented  in  Table  1.
ase analysis
n  the  design  of  construction  process,  3  plans  are  proposed
o  excavate  the  TBM  assembling  tunnel.  In  Case  1,  the  tunnel
s  divided  into  4  layers  and  the  heights  of  the  4  layers  are
.5  m,  4.0  m,  4.0  m  and  10.5  m,  respectively.  Case  2  is  an
ptimized  one  based  on  Case  1,  and  the  heights  of  the  4
ayers  are  8.5  m,  4.5  m,  7.0  m  and  7.0  m.  In  Case  3  which  is
ased  on  Case  2,  part  of  the  bottom  layer  is  excavated  after
he  top  layer  is  ﬁnished,  which  is  to  release  more  energy  and
revent  rockburst  from  happening.  Details  of  the  3  cases  are
resented  in  Table  2.yz —  −1.93  MPa
evelopment of energy in surrounding rock
s  rockburst  is  a severe  threat  to  tunnel  construction  in  high
n  situ  stress  zones  in  hard  rock,  which  can  affect  construc-
ion  procedure  and  safety,  the  3  Cases  of  procedures  for  the
BM  assembling  tunnel  are  simulated  with  Flac3D  adopted.
hile  stepping,  the  failed  zones  are  distinguished  ﬁrst,  and
hen  the  energy  state  of  the  failed  zones  are  recorded.
When  the  rock  is  excavated  in  tunnel  under  high  in  situ
tress,  energy  start  to  release  which  is  stored  in  rock,  and
hen  the  surrounding  rock  gradually  unloads.  Total  energy
elease  of  surrounding  rock  in  three  cases  are  calculated
nd  shown  in  Fig.  2.
As  shown  in  Fig.  2,  total  ERR  of  Case  1  is  the  small-
st,  and  it  is  only  about  6,730,000  kJ.  Total  ERR  increases
n  proper  order  in  Case  2  and  Case  3,  they  are  6,820,000  kJ
nd  6,880,000  kJ.  Actually,  the  energy  released  in  3  cases  is
ery  close  to  each  other,  and  energy  released  in  Case  3  is
ust  2%  larger  than  that  in  Case  1.  This  is  a  sign  that,  the
A  new  method  for  calculating  energy  release  rate  in  tunnel  exca
Figure  2  Total  energy  released  of  surrounding  rock.
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cases.
In  the  excavation  process,  more  than  45  steps  are  calcu-
lated  for  each  case,  and  released  energy  of  surrounding  rock
of  each  excavation  step  in  three  cases  are  shown  in  Fig.  3.
It  can  be  seen  in  Fig.  3,  the  released  energy  of  early
steps  in  Case  1  is  larger  than  that  in  Case  2  and  Case  3,  and
t
i
i
Figure  4  ERR  and  volume  of  broken  vation  295
fter  step  20,  the  released  energy  of  early  steps  in  Case  1
s  smaller  than  that  in  Case  2  and  Case  3.  This  phenomenon
ndicates  that,  in  the  early  steps,  the  risk  of  rockburst  is
uch  higher  in  Case  1  than  that  in  the  other  2  cases.  So,
he  excavation  schedule  is  not  suitable,  in  which  rockburst
s  harder  to  be  controlled.
Average  ERR  and  broken  rock  volume  of  every  excavation
teps  are  calculated  and  shown  in  Fig.  4.
Fig.  4  presents  the  ERR  and  the  failed  zones’  volume  of  all
ases,  and  it  can  be  seen  that,  if  the  volume  of  failed  zones
s  smaller  than  that  of  Case  1  and  Case  2,  and  also,  the  EER
s  smaller  in  Case  3.  However,  the  level  of  energy  released
rom  rock  cannot  be  distinguished,  and  the  intensity  and
cale  of  potential  rockburst  cannot  be  evaluated  just  based
n  the  total  failed  zones.
On  the  basis  of  energy  release  level,  the  rockburst  is
eﬁned  as  four  levels,  and  FERR  of  surrounding  rock  of  TBM
ssembly  tunnel  is  divided  into  four  intervals,  which  are  〈0  to
100  J/m3〉,  〈−100  to  −200  kJ/m3〉,  〈−200  to  −300  kJ/m3〉,
−300  kJ/m3 to  −∞〉  and  the  4  intervals  are  named  Inter-
als  1—4  for  short.  FERR  and  failure  zones’  volume  of  each
nterval  are  shown  in  Fig.  5.
In  Fig.  5, it  can  be  seen  that  in  Interval  1,  failed  zone  in
ases  1  and  2  is  a  little  more  than  that  in  Case  3,  and  the
ERR  in  Interval  1  is  much  larger  in  the  ﬁrst  steps  in  Cases
 and  2,  and  the  failed  zones’  volume  is  almost  the  same.
arger  FERR  means  the  risk  of  rockburst  is  much  higher.  FERR
n  Intervals  2  and  3  is  close  to  each  other  at  the  same  step
n  3  cases,  but  the  failed  rock’s  volume  of  Case  1  is  much
arger  in  Interval  3.  Combined  current  research  on  rockburst
ata  on-site,  emphasis  should  be  place  on  interval  4  which
s  more  than  300  kJ/m3, with  which  the  rock  is  at  high  risk  of
ockburst.  In  Interval  4,  failed  zone’s  volume  is  much  larger
n  Case  1,  and  the  maximum  of  FERR  is  almost  the  same  in  3
ases.  The  maximum  of  FERR  is  a  sign  of  potential  rockburst,
nd  with  the  FERR  index,  the  location  where  rockburst  is  at
ighest  risk  and  intensity  is  mapped.  And  this  is  helpful  in
he  support  design  for  the  tunnel  safety.Combined  with  the  steps  and  FERR  index,  detailed  pos-
tions  of  rockburst  at  each  level  is  plotted,  which  are  shown
n  Fig.  6.
rock  of  every  step  in  three  cases.
296  X.  Qinghua  et  al.
Figure  5  FERR  and  volume  of  surrounding  rock  in  different  excavation  steps.
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ributFigure  6  FERR  position  distConclusions
Based  on  energy  theory,  energy  release  rate  (EER) and
local  energy  release  rate  (LEER), a  new  index  called  FERR
(
i
H
oion  in  TBM  assembly  tunnel.fractional  energy  release  rate)  is  proposed.  And  the  FERR
ndex  is  applied  to  the  TBM  assembling  tunnel  in  Jinping
ydro  Power  Station  II  to  evaluate  the  scale  and  intensity
f  rockburst,  which  is  useful  to  control  the  rockburst,  and
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nsured  the  safety  and  construction  schedule.  And  following
onclusions  can  drawn:
Tunneling  in  high  in  situ  stress  zones  is  of  high  risk  of
ockburst,  and  the  ERR  or  LERR  index  both  have  limitations
o  evaluate  the  rockburst,  especially  in  the  determination
f  scale  and  intensity  of  rockburst.
With  the  intervals  in  FERR  index,  the  intensity,  scale  and
ocation  can  be  determined  in  the  simulation  of  excavat-
ng  process,  and  these  advantages  can  be  very  helpful  for
unneling  in  high  in  situ  stress  zones.
For  the  assembling  tunnel  in  Jinping  Hydro  Power  Station,
he  risk  of  rockburst  is  much  high  in  Case  1  in  Intervals  3  and
 as  the  responding  failed  rock  volume  and  FERR  is  larger.
nd  this  is  a  sign  that,  when  excavating  large  section  tunnel,
ench  Method  is  more  reasonable.
onﬂict of interest
he  authors  declare  that  there  is  no  conﬂict  of  interest.
cknowledgements
he  authors  want  to  thank  Doctor  Li  Qiang,  Fund  of  China
cholarship  Council  and  National  Natural  Science  Foundation
f  China.  They  all  have  helped  a  lot  in  the  preparation  of  this
aper.
eferencesagaraja, S., Kresna, W.R., Priagung, W.N., 2013. Rockburst predic-
tion of a cut and ﬁll mine by using energy balance and induced
stress. Procedia Earth Planet. Sci. 6, 426—434.
ZX.  Qinghua  et  al.
azant, Z.P., Kazemi, M.T., 1990. Determination of fracture energy,
process zone length and brittleness number from size effect,
with application to rock and concrete. Int. J. Fract. 44,
111—131.
hen, G.Q., Feng, X.T., Zhang, C.Q., Jiang, Q., Su, G.S., 2008.
Research on prevention measures for failure induced by tun-
neling in deep hard rock. Chin. J. Rock Mech. Eng. 27 (10),
2064.
ook, N.G.W., Hoek, E., Pretorius, J.P.G., 1966. Rock mechanics
applied to the study of rockbursts. J. South Afr. Inst. Mining
Metall. 66, 93.
u, J., 2014. Mechanism of zonal disintegration within surrounding
rock of deep tunnel based on 3D analytical model of thick-walled
cylinder. Rock Soil Mech. 35 (9), 2673—2684.
artel, S.J., Pollard, D.D., 1989. Mechanics of slip and fracture
along small faults and simple strike-slip fault zones in granitic
rock. J. Geophys. Res. Atmos. 94, 9417—9428.
techer, F.P., Fourney, W.L., 1981. Prediction of crack motion from
detonation in brittle materials. Int. J. Rock Mech. Mining Sci.
Geomech. Abstr. 18, 23—33.
u, G.S., Feng, X.T., Jiang, Q., Chen, G.Q., 2006. Study on new index
of local energy release rate for stability analysis and optimal
design of underground rockmass engineering with high geostress.
Chin. J. Rock Mech. Eng. 25, 2453—2460.
ang, E.Z., Shrive, N.G., 1994. A 3-D approach to the calculation of
the energy release rate in some fracture problems. Int. J. Fract.
66, 71—89.
ie, X., Feng, T., 2001. Optimization of mining parameters for
rational exploitation of dongguashan copper ore deposit. China
Mining Mag. 4, 1—10.
an, L., Kang, H., Gao, Q., 2001. Reliability analysis based on
response surface function and its application in a chamber. Rock
Soil Mech. 22, 327—329.
hou, X.P., Qian, Q.H., Yang, H.Q., 2010. Effect of loading rate on
fracture characteristics of rock. J. Central South Univ. Technol.
17, 150—155.
